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This study was performed to assess the influence of the
cryoinjury on the dynamics of wavefronts and to determine
whether they can convert ventricular fibrillation (VF) to
ventricular tachycardia (VT) in fibrillating right ventricular
(RV) of swines using an optical mapping system. A cryoinjury
with a diameter of 12 mm was created on the epicardium of
perfused RV of swines (n = 6) and optical mapping were taken
from baseline until 10 minutes after the cryoinjury. Out of 35
cryoinjuries, the images were possible to be interpreted in 32.
The optical action potential could not be observed in either the
cryoinjury or peri-injury sites at 1 and 3 minutes, was observed
in only the cryoinjury site at 5 minutes, and recovered in both
sites at 10 minutes. The cycle length of the tachycardia was
135.9 ± 23.6 msec at baseline, 176.2 ± 79.3 msec at 1
minute, 187.6 ± 97.9 msec at 3 minutes, 185.5 ± 19.2 msec
at 5 minutes, and 152.1 ±64.1 msec at 10 minutes. The cycle
lengths at 1, 3, and 5 minutes after the cryoinjury were
significantly more prolonged than that at baseline (p = 0.001,
p = 0.006, p = 0.016). After the cryoinjury, the VF changed to
VT in 9 (28.0%), and terminated in 2 (6.3%). These changes
were observed mainly within 5 minutes after cryoinjury. The
cryoinjury had anti-fibrillatory effects on the tissue with VF.
This phenomenon was related to a decreasing mass and
stabilizing wavefronts.
Key Words: Activation mapping of arrhythmias, ventricular
tachycardia/fibrillation
INTRODUCTION
Coronary heart disease and its consequences
account for at least 80 percent of sudden cardiac
deaths in Western cultures.
1 In myocardial infarc-
tion, an infarction region without any electrical
activity and a border zone with slow conduction
are produced, and serve as heterogeneous ob-
stacles.
2,3 Ventricular arrhythmias which produced
by these obstacles are the main causes of sudden
cardiac deaths. Therefore, various types of
obstacles have been used extensively to study the
mechanism of arrhythmias.
4-7 Artificial obstacles
may convert a meandering reentrant wavefront
into a stable one in experimental and simulated
two-dimensional tissue.
6,7 However, the previous
studies used homogenous obstacles and were
insufficient in explaining the arrhythmias related
to infarctions which serve as heterogeneous
obstacles. Further, they used electrical mapping
systems for the mapping. However, electrical
mapping systems can not obtain information on
the repolarization. Recently developed optical
mapping systems can obtain data on both the
depolarization and repolarization with a higher
resolution.
The purpose of the present study was 1) to
assess the influence of cryoinjury on the dynamics
of multiple-wavelets during ventricular fibrillation
(VF); 2) to determine whether an artificial obstacle
can convert VF to ventricular tachycardia (VT) by
stabilizing the reentrant wavefront; and 3) to
determine the effects of an artificial obstacle on
the critical mass for VF with an optical mapping
system.
MATERIALS AND METHODS
Tissue preparation and optical mapping
The study protocol was approved by the Insti-
tutional Animal Care and Use Committee. The
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experimental model has been previously de-
scribed.
8-10 Briefly, the chest was opened, and the
heart was quickly removed. The right coronary
artery was cannulated, and the right ventricle
(RV) was isolated and continuously perfused with
oxygenated Tyrode solution (37 , pH 7.4).
The composition of the Tyrode solution was as
follows (in mM): 125.0 of NaCl, 4.5 of KCl, 0.5 of
MgCl2, 0.54 of CaCl2, 1.2 of NaH2PO4, 24.0 of
NaHCO3, and 5.5 of glucose, and included 50 mg/
L of albumin. The RVs were stained for 20 min
with di-4-ANEPPS (20 min; 1 mmol/L) through
coronary perfusion. After the dye staining was
completed, the patterns of the activation were
mapped with optical mapping technique.
The optical mapping system was similar to the
ones described previously.
8-10 The quasi-mono-
chromatic light (500 ± 30 nm) from two green
LED lamps (LL-50R30-G25, Optronix, Korea) was
used as the light source. Fluorescent and scattered
light was collected through a 600-nm long-pass
glass filter (R60, Nikon; Tokyo, Japan) with a 12-
bit digital charge-coupled device camera (CA-D1-
0256T, Dalsa; Ontario, Canada). The camera ac-
quired data at 3.75-ms intervals from 96 ± 96 sites
simultaneously over a 35 ± 35-mm
2 area, resulting
in a spatial resolution of 0.36 mm per pixel. The
digital images were transferred to a personal
computer with a frame grabber (IC-PCI-DIG16,
Imaging Technology; Bedford, MA). Because all
tissues had ventricular fibrillation at the beginning
of optical mapping, there were little movement of
tissues. To prevent the additional motion artifact,
the margin of tissue was fixed with 4-5 pins to the
base of the tissue chamber.
The fluorescence was converted to a pseudo-
color animation for analysis. The maximal signal
amplitude was coded yellow, representing a fully
depolarized state. The minimum signal amplitude
was coded black, representing a fully repolarized
state. Each depolarizing pixel was then assigned
a color out of 128 colors among black, red, and
yellow and a repolarizing pixel was assigned a
color out of 128 colors among yellow, green, and
black. We defined the number of wavelets at a
given instant of VF/VT as the number of activa-
tions that were independently excited over at least
two frames in different areas of the mapped tissue
that had different directions of propagation and
were clearly separated from each other by re-
covered but nonactivated tissue. VF is a highly
irregular and disordered rhythm. However, there
might be different degrees of disorder among
different episodes of VF.
The cryoinjury model
A cyoinjury lesion was then created by at-
taching a 12-mm-diameter cryoinjury rod (home-
made) for 30 seconds. The cryoinjury rod had
been frozen with liquid nitrogen before creating
the cryoinjury. The specific location of the
cryoinjury within the tissue was determined by
the need to avoid major epicardial arteries, but in
general the lesion was created near the center of
the tissue. Several recordings were acquired
before and 1 min, 3 min, 5 min, and 10 min after
the creation of the obstacle. After the electrical
activity of tissue was fully recovered, the cryoinjury
was repeated at the previous injury site.
Statistical analysis
All data are presented as mean ± SD. The
paired t-test with the Bonferroni correction was
used to compare the VT cycle length before and
after cryoinfarction. A p value 0.05 was con-
sidered significant.
RESULTS
The experiments were performed in 6 female
swines with weight of 35 ± 3 kg, and optimal
images were collected in all animals. Ventricular
fibrillation was induced spontaneously without
stimulation in all.
Obstacles created by the cryoinjury
In six RVs with ventricular fibrillation, a total
of 35 cyroinjuries, consisting of 3 to 11 cryoinjuries
per RV tissue preparation, were made and it was
possible to interpret the images from those 32
cryoinjuries (Table 1). No optical action potential
was observed in either the cryoinjury or peri-
injury sites at 1 minute. Although there were time
differences in the electrical recovery of the tissue,Table 1. Change in the Cycle Length and Tachycardia Caused by Cryoinjury
No. of cryoinjury
Cycle length (msec)
Baseline 1 min 3 min 5 min 10 min
1 (1) 150 - - - -
1 (2) 161 274* 262* 248* 189
1 (3) 170 251* 251* 271* -
2 (1) 133 138 166 161 152
2 (2) 115 147 136 122 147
2 (3) 115 129 216* 170 145
2 (4) 124 156 136 136 -
2 (5) 136 170* 127 124 110
2 (6) 113 110 140 124 -
2 (7) 124 99 106 94 117
2 (8) 101 143 182* 167 -
2 (9) 167 170 177 - -
2 (10) 177 140 138 - -
2 (11) 138 179* 185* 168 -
3 (1) 124 166 193 179 136
3 (2) 140 138 117 124 108
3 (3) 101 129 124 120 99
4 (1) 129 177 182 216* 200
4 (2) 160 166 124 136 -
4 (3) 122 212* 375* 370* 367*
5 (1) 170 361* 260* 251 242
5 (2) - - - - -
5 (3) - - - - -
5 (4) - - - - 610/124
5 (5) 610/124 488 566 741 702/120
5 (6) 702/120 375/78 380 - -
6 (1) 182 219 189 133 -
6 (2) 133 147 136 124 113
6 (3) 112 136 147 127 136
6 (4) 124 113 131 110 -
6 (5) 110 147 140 136 -
6 (6) 136 147 140 117 -
6 (7) 117 138 124 - -
6 (8) 124 154 129 154 170
6 (9) 170 143 136 - -
Total (35) 135.9 ± 23.6 176.2 ± 79.3 187.6 ± 97.9 185.5 ± 129.2 152.1 ± 64.1
*Ventricular tachycardia.
Coexistence of an idoventricular rhythm and ventricular fibrillation.
Idioventricular rhythm.
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the optical action potential was partially recovered
in the peri-injury site at 3 and 5 minutes, and
recovered in both the cryoinjury and peri-injury
sites at 10 minutes (Fig. 1). Block of the electrical
conduction was observed in the peri-injury and
injury sites and the ventricular fibrillation was
converted to ventricular tachycardia by the
cryoinjury.
The electrical conduction of the tissue improved
after the perfusion, and variable degrees of block
and attachment were observed (Fig. 2). The
reentry wavefronts were also observed with the
longest reentry being 10 beats (Fig. 3). The elec-
trical activity of the center of the reentry circuit
also was decreased, and this finding was similar
to that of normal tissue (data is not presented).
The change in the cycle length of the tachycardia
caused by the cryoinjury
The cycle length of the tachycardia was 135.9 ±
23.6 msec at baseline, 176.2 ± 79.3 msec at 1
minute, 187.6 ± 97.9 msec at 3 minutes, 185.5 ±
19.2 msec at 5 minutes, and 152.1 ± 64.1 msec at
Fig. 1. Optical fluorescent signal
arranged by time sequences after the
cryoinjury in pig No.5. (A. Raw image)
The previous ventricular fibrillation (B.
Baseline) was terminated and changed
to ventricular tachycardia (C, D, E, F).
The cycle length of tachycardia was
increased after the cryoinjury and
gradually reduced as time went on.
The fluorescence signals of the
periinjury zone ( ) and cryoinjury site
( ) were recovered after 5minutes (D)
and 10 minutes (E) of the cryoinjury,
respectively.
Fig. 2. Intermittent conduction block
and attachment of wavefronts. (A)
Consecutive optical map snapshots
from Pig No. 2 after 3 minutes of the
cryoinjury (circle). Wavefronts were
initiated from the right upper region
( ) and then propagated to the left
lower region ( ). Some waves were
blocked (*) and attached at the
cyoinjury site( ). (B) The local
voltage signals (in fluorescence) at
selected locations (circled numbers).
Some signals were blocked. The
signals that conducted were delayed
at the peri- injury ( ) or injury sites
( ).Boyoung Joung, et al.
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10 minutes. The cycle length at 1, 3, and 5 minutes
after the cryoinjury was significantly more pro-
longed than that at baseline (p = 0.001, p = 0.006, p
= 0.016) (Table 1, Fig. 4).
The conversion of VF to VT by the cryoinjury
From the optical mapping recordings after
creating the 35 cryoinjuries, the second and third
optical maps from the 5th swine were not possible
to be analyzed because of a data storage problem,
and neither was the 1st optical map from the 1st
swine because of the poor image quality. Out of
the 32 optical maps, ventricular fibrillation
persisted in 21 (65.6%) cryoinjuries (Table 1).
However, no optical signals were observed at the
cyroinjury sites in those cases, and block had
occurred due to the cryoinjury.
Ventricular fibrillation converted to tachycardia
in 9 (28.0%), and terminated in 2 (6.3%). Those
conversions were observed mainly within 5
minutes after the cryoinjury (Table 1). In 2
cryoinjuries with termination of VF, idioventri-
cular rhythm and ventricular fibrillation simulta-
neously occurred before the termination of the VF
(Fig. 5A, B). The ventricular fibrillation was
abolished by additional cryoinjuries (Fig. 5C, D).
DISCUSSION
There are several mechanisms for explaining
ventricular fibrillation. Moe et al.
11 hypothesized
that the constant formation of new wavelets
occurs through the process of wave splitting
(wavebreak), resulting in multiple wavelet fibril-
lation. A competing hypothesis of VF is the Focal
Source Hypothesis. This hypothesis proposes that
a single, rapidly firing focal source (reentrant or
automatic) is the fundamental driver of VF, and
that the multiple wavelets that characterize VF are
an epiphenomena caused by “fibrillatory conduc-
Fig. 4. Change in the cycle length according to the time
after the cryoinjury (paired t-test with the Bonferroni
correction). *p = 0.001 : change in the cycle length between
that at baseline and 1 minute after cryoinjury. p = 0.006.
change in the cycle length between that at baseline and
3 minutes after cryoinjury. p = 0.016 : change in the cycle
length between that at baseline and 5 minutes after
cryoinjury.
Fig. 3. A clockwise rotation of a
wavefront after cryoinjury. (A) Con-
secutive optical map snapshots from
pig No. 5 after 5 minutes of the cryo-
injury (circle). A wavefront initated
from the left upper region, then
rotated clockwise for 10 beats. (B)
The local voltage signals (in fluore-
scence) at selected locations (circled
numbers). The signals were de-
creased at the cyoinjury site ( ) as
compared to the with reentry site
( ). The shaded area represents the
period during simultaneous optical
mapping.Cryoinjury on Ventricular Tachycardia
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tion block” because impulses from the rapid focus
are unable to conduct 1 : 1 into the surrounding
tissue. Gray et al.
12 first demonstrated that a single
meandering spiral wave could underlie polymor-
phic VT resembling VF. Recently, Wu et al.
13
suggested that 2 types of VF resulting from dif-
ferent mechanisms could coexist in the same heart
under different conditions. Chen et al.
14 suggested
that type I VF is consistent with VF resulting from
a multiple wavelet mechanism. On the other
hand, type II VF is characterized by large and
repeatable patterns of epicardial activations with
occasional wavebreaks suggesting that an ongoing
focal and relatively stable source is the engine of
VF. If the different investigators have been
studying different types of VF, this could account
for their drastically different interpretations.
However, the genesis and maintenance of fibril-
lation has not yet been completely revealed.
This study evaluated the influence of hetero-
geneous obstacles created by cryoinjury using an
optical mapping system. Davidenko et al.
15 and
Pertsov et al.
16 reported that naturally occurring
obstacles, like arteries and other anatomical
inhomogeneities, can attach a drifting spiral wave
and make it stationary. Valderra ́ bano et al.
17
reported that a full-thickness artificial anatomical
obstacle induces slowing and regularization of
fibrillation, impairs the persistence of fibrillation
as judged by an increase in the critical mass, and
can convert VF to VT by serving as an attachment
site to reentrant excitation, in a perfused swine
right ventricular model with an electrical mapping
system. We also previously reported similar
results in isolated, perfused swine right ventricle
(RV) with an optical mapping system, which had
the benefit of a higher resolution and obtaining
additional repolarization data as compared to
electrical mapping systems.
8 However, all pre-
vious studies used a homogeneous obstacle
Fig. 5. Coexistance of idioventricular rhythm and ventricular fibrillation (A and B). Termination of ventricular fibrillation
(C and D). A. C. Optical mapping of Pig No. 5 after 15 minutes of 4th cryoinjury (circle) showed wavefronts of
idioventricular rhythm (white arrow) and ventricular fibrillation (yellow arrow). Optical fluorescent signal showed
idioventricular rhythm ( ) and ventricular fibrillation ( ). Signal was not observed at the cryoinjury site ( ). B. D.
Optical mapping of pig No. 5 after 5 minutes of the 5th cryoinjury (circle). Idioventricular rhythm (white arrow)
previously observed persisted. However, ventricular fibrillation was terminated. Optical florescent signal showed
idioventricular rhythm ( ). However, signal was not observed at previous ventricular fibrillation ( ) and the cryoinjury
site ( ). Circular numbers represents sites where optical signals were taken in the raw image of upper panel. Shaded
area represent the period of the simultaneous optical mapping.Boyoung Joung, et al.
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model. The heterogeneous obstacles created by
cryoinjury in this study exhibited an injury site
without any electrical activity and a peri-injury
site with partial electrical activity that also ex-
hibited conduction block, delay, and attachment.
Therefore this obstacle model is closer to the
clinical infarction model, and it will help
investigate the influence of myocardial infarctions
on ventricular fibrillation.
The conversion of VF to VT could result from
the reduction in the mass of the myocardium or
stablilization of the wavefronts around the ob-
stacles. To demonstrate the stabilization of the
wavefronts, stable reentry has to exist around the
obstacles. Although more reentrant wavefronts
were observed with larger obstacles, stable reentry
was not observed in the previous studies.
6,8,17 We
previously suggested that a homogeneous ob-
stacle model using a transmural punch biopsy,
limited the survival of the tissue and could not
make bigger obstacles because of the impairment
of the circulation.
8 The cryoinjury model used in
this study could avoid this problem.
The size of the cryoinjury was 12 mm in this
study. When we consider the peri-injury site, the
size of the obstacle will be bigger than expected.
However, we could not observe any stable reentry
around the injury site. Moreover, the analysis of
9 conversions of VF to VT did not show any stable
reentry around the obstacle. The interesting
finding is that VTs were observed within 5
minutes of the cryoinjury. This suggests that the
effect of the decreasing mass of the myocardium
was important in the conversion of VF to VT. In
particular, in the 5th swine, the coexistence of
idioventricular rhythm and VF after the 5th
cryoinjury was observed. The VF transiently dis-
appeared with additional cryoinjuries and
reappeared in the recordings performed at 10
minutes. This finding showed the close relation-
ship between the mass and maintenance of VF.
However, the wavefront stablilization might also
be present due to the presence of a large obstacle.
It is assumed that the time-dependent changes of
VF cycle length could be due to the gradual
recovery of some tissues from cryo lesions. The
shrinking sizes of the lesion could gradually lose
its effects of wavefronts anchoring, resulting
gradually shortening cycle length toward baseline.
In conclusion, the important findings of this
study were; i) cryoinjury can be used as an
obstacle model in pig RV with ventricular
fibrillation, ii) those obstacles can induce block,
attachment, and reentry of wavefronts, and can
prolong the cycle length of the optical signal, iii)
those obstacles can convert VF to VT by
stabilizing the RWF, and terminate the VF. The
cryoinjury had anti-fibrillatory effects in the tissue
with ventricular fibrillation. This phenomenon
was related to decreasing mass and stabilizing
wavefronts.
Study limitation
Kim et al.
18 reported that reentry around
papillary muscles was observed after a decrease in
the myocardial mass in a swine RV perfusion
model. Pak et al.
19 also reported that reentry
around papillary muscles was observed after beta
blockers and that VT could be terminated by
cyroinjury around the papillary muscle. Because
we did not map from the endocardial side, we
could not show the effect of papillary muscles on
the reentry.
This study could not show the exact depth of
lesion created by the cryoinjury. We performed
optical mapping only on the epicardial side.
Because we planned to evaluate the acute change
of wavefronts by the cryoinjury, we analyzed
optical mapping within 10 minutes of the
cryoinjury. Therefore, the histological analysis
could not show the exact extent of the cryoinjury.
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